Abstract-In some nuclear reactors or accelerator-driven systems (ADS) the core is intended to be cooled by means of a heavy liquid metal, for example, lead-bismuth (Pb/Bi) eutectic alloy. For safety and licensing reasons, an imaging method of the interior of ADS, based on application of ultrasonic waves, has thus to be developed. This paper is devoted to description of developed various ultrasonic transducers suitable for long term imaging and measurements in the liquid Pb/Bi alloy.
I. Introduction
I n the field of nuclear technology, the use of heavy liquid metal (HLM)-lead or lead-bismuth eutectic (LBE)-for reactor devices under development possess problems with the required inspection and maintenance due to the opaque nature of the medium that is used as coolant or target material. Use of HLM is foreseen for the accelerator driven systems (ADS) for which the subcritical nuclear core is driven by primary neutrons that are generated in a LBE spallation target generated by a highenergy proton beam, and for some variants of the Generation IV fast critical reactors under discussion now. The Multi-purpose hYbrid Research Reactor for High-tech Applications (MYRRHA) device under design in the Belgian Nuclear Research Centre SCK•CEN at Mol in Belgium [1] is an LBE-cooled ADS and likely to be the first device of this kind to be built in the Western World and, therefore, will be first faced with the above problems that will also have implications for the licensing process.
In order to solve the inspection issue SCK•CEN and the Ultrasound Institute in Kaunas, Lithuania, are collaborating on the development of ultrasonic (US) ranging and imaging techniques for this particular application [2] . For MYRRHA the task is the establishment of "quasivisibility" (QV) in a cylindrical space of several meters in diameter and height in which the details of steel structures, forming the boundaries of the otherwise LBE filled space, have to be inspected. The requirements will be surveys as well as close-up inspections, and an angular resolution for the latter case of 0.3 mm from a 100-mm distance is aimed at. In contrary to inspections in visible light (e.g., under water coolant), where only light reflection of surfaces play a role, the reflection of ultrasonic waves is more complicated due to multiple reflections and mode transformation inside the structures under inspection. Therefore, the reconstruction of images of objects and their recognition also is more complicated. Nevertheless, the reconstructed ultrasonic images may be compared with the virtual reality environment, established from the drawing set of the device and should yield the desired inspection capability.
For this approach, development of proper ultrasonic emitters, receivers, and housing materials for the LBE compatible temperature range of 160 to 450
• C, operating in very harsh conditions and suitable for imaging purposes, is necessary. The harsh conditions are due to corrosive properties of the LBE and radiation. The inspection must be carried out under γ-ray dose rate levels of up to several 10 kGy/h and a total dose of several 10 MGy in combination with modest neutron irradiation levels of close to 1019 n/cm 2 of thermal neutrons. The problems, such as dissolution/oxidation of structural materials in liquid metals also must be taken into consideration [3] , [4] .
There are known attempts to develop high temperature (>200
• C) ultrasonic transducers for specific needs, e.g., for nondestructive testing of very hot steel plates and pipes, wall thickness measurement, welding inspection, etc.
[5]- [9] . In some cases the buffer rod techniques have been applied successfully in high-temperature experiments [10] , [11] , including those with high-resolution immersion type ultrasonic imaging probes [12] , [13] , operating in liquid metal. Ultrasonic transducers operating in metallic melts (Ga, Na) are used in ultrasonic Doppler velocimetry sys- tems [14] - [16] . However, to our knowledge at the moment there are no ultrasonic transducers suitable for long-term continuous operation in the MYRRHA environment.
The aim of this study is development and investigation of ultrasonic transducers suitable for imaging and ranging purposes inside the MYRRHA reactor, filled with leadbismuth alloy. This paper presents results of the investigations and developments that have been carried out over the past 2 years.
II. Requirements
The ultrasonic transducers suitable for operation inside the ADS system MYRRHA must meet the following requirements:
• Continuous operation at high temperatures (up to 450 • C) without cooling.
• Pressure robust and corrosion-proof in the aggressive liquid Pb/Bi alloy.
• Resistance to radioactive (γ-rays and thermal neutrons) radiation.
• Good performance in a pulse mode, necessary for imaging purposes.
The last requirement means that the pulse response should preferably consist of only a single short pulse, what eliminates the transducers with a buffer rod, in which multiple reflections between the ends of rod take place.
A conventional ultrasonic transducer usually consists of a piezoelectric disk-shaped element, an intermediate (or protection) layer between the medium under investigation and the piezoelectric element, and a damping element (called backing) attached to the back surface of the piezoelectric element. All these elements are integrated into a housing, which also may significantly affect the performance of the transducer (Fig. 1) .
In order to meet the above mentioned requirements, the optimal design of all elements of the transducer-including selection of proper materials, geometrical shape, and the manufacturing technology-must be found.
Taking into account the presented construction of an ultrasonic transducer, it is necessary to solve the following main problems:
• Selection of piezoelectric materials suitable for operation at elevated temperatures and under strong radioactive radiation.
• Optimization of the transducer construction, e.g., protector layer and backing (damping).
• Reliable acoustic coupling of a piezoelectric element to the protector and the backing in the temperature range 150-450 • C.
• Durable and stable long-term acoustic coupling of an ultrasonic transducer to the liquid metal (Pb/Bi) alloy.
• Selection of the electric cables used for connection of the ultrasonic transducers, suitable for operation in the LBE environment under a strong radioactive radiation.
Most of these requirements to particular elements contradict each other; therefore, some trade-off between them must be found: for example, the well-known backings, matching layers, and bonding technologies used in medical ultrasonic instruments are not suitable for operation at high temperatures under γ and neutron radiation.
III. Piezoelectric Elements
Piezoelectric materials used in high temperature ultrasonic transducers must possess a Curie temperature of higher than 450
• C. It is necessary to keep in mind that the recommended highest operational temperature must be a good deal lower than the Curie or phase-transition temperature. That significantly restricts the number of possible materials. The high-temperature piezoelectric materials selected for investigation are listed in Table I . Some materials, such as PZT and lithium niobate (LiNbO 3 ), are well-known, but performance of bismuth titanate, gallium orthophosphate (GaPO 4 ), and aluminum nitride (AlN) piezoelectric elements in the above mentioned harsh conditions has not yet been determined.
The GaPO 4 crystals belong to the same symmetry class as quartz (D3), but it is not a ferroelectric material; therefore, there is no Curie temperature. It may be used up to its phase transition temperature 970
• C at which an irreversible transition to the beta-cristobalite phase occurs. Until now they were used as pressure sensors in combustion engines, but to our knowledge they were not used in ultrasonic transducers [17] , [18] .
The AlN polycrystalline materials are available as thin films deposited on some substrate and possess piezoelectric properties up to very high temperatures (T < 1000
• C) [19] , [20] . Usually they are very thin and were used in gigahertz frequency range. Characteristic properties of AlN films are a rather low dielectric permittivity (ε = 8.6) and a high velocity (c = 10700 m/s) of ultrasonic waves. The last property complicates the task of manufacturing of AlN films in the frequency range lower that 30-40 MHz.
Investigation of the applicability of various piezoelectric materials for the development of high-temperature transducers was performed in two steps using two different de- signs of the transducers, with a buffer rod and transducers with very thin (or without any) protection membrane. The selection of the transducer design with a buffer rod for testing of different piezoelectric materials was motivated by possibility to create the same testing conditions (acoustic impedance of the load, acoustic bonding, damping, etc.) for all materials. The initial experimental tests were carried out in air and/or in a water tank and only after that the selected materials were tested at elevated temperatures in the developed constructions of transducers. Special attention was paid to the novel materials, like GaPO 4 or AlN, the performance of which is not yet well-known, especially in the frequency range of a few megahertz. The performance of the high-temperature piezoelectric materials like PZT, bismuth titanate, LiNbO 3 , and GaPO 4 , was evaluated using the transducer with a stainless steel waveguide, the end of which was contacting with air. The ultrasonic pulses reflected by a free end of the waveguide were recorded, and their amplitudes were measured.
The experimental set-up for testing of the hightemperature piezoelectric materials and transducers is shown in Fig. 2 . In the case of the piezoelectric materials, they were pressed via silicone oil or a gold foil, or soldered to the polished surface of the stainless steel AISI 316 buffer rod (acoustic waveguide). Some experiments were provided in air at different temperatures and at irradiation. The signals reflected by the free end of a waveguide were observed. When the transducers with waveguides or with the different protectors were tested, they were immersed in water or a liquid Pb/Bi tank, and the signals were reflected by the titanium reflector were recorded using the Hewlett-Packard 54645A (Hewlett-Packard, Palo Alto, CA) type digital oscilloscope. The rectangular pulse duration of which was a half period of the transducer central frequency was used for excitation. The amplitude of the excitation pulse was 10 V. The multiplexer is used for commutation of the transducer to the generator or to the oscilloscope in the time domain.
Efficiency of the transducers was estimated by the transfer coefficient:
where U IN max is peak-to-peak amplitude of the electric excitation pulse, U rw max is the amplitude of the ultrasonic pulse reflected by the free end of the waveguide and detected by the transducer.
The resonance frequency of all tested piezoelectric elements, except AlN was 5 MHz. For acoustic coupling of the piezoelectric elements to the waveguide, soldering or silicon oil with pressure were used, and in both cases similar In the case of AlN films, the measurements were performed in a different way. The AlN films are very thin and usually are deposited on some substrate [19] , [20] . The films are rather sensitive to any mechanical impact; therefore, the measurements were performed directly in water without any protection layer or a buffer rod. Deposition of the AlN films was made in the University Dayton Research Institute (UDRI), directly on Ti backing. Ultrasonic pulses reflected by a planar Al reflector placed in water at the distance 60 mm were recorded. The presented waveforms and calculated spectra (Fig. 3) demonstrate that the range of frequencies is 10-18 MHz, e.g., as for such type transducer the frequency range is very low. For the comparison the experiments with soft PZT (Pz27) and bismuth titanate (Pz46) were repeated in similar conditions.
Results of comparative experiments are given in Table III. Efficiency of the transducers was estimated by the transfer coefficient:
where U r max is the amplitude of the ultrasonic pulse reflected by a flat aluminium reflector placed in water at 45 mm from the transducer. Note, that in the liquid alloy the efficiency of the transducers will be higher, because the acoustic impedance of the alloy is higher than that of water.
The results presented show that, in the case of piezoelectric elements with a low dielectric permittivity and, consequently, a small electric capacitance, like gallium orthophosphate or aluminium nitride, the transfer coefficients are lower due to electric shunting effects of the cable, which unavoidably must be quite long (≤15 m) in a liquid metal environment.
From the results presented follows that the best performance in terms of electro-acoustic efficiency demonstrate ultrasonic transducers with PZT and bismuth titanate elements. The electro-acoustic efficiency of other novel materials like AlN or GaPO 4 is significantly lower. For example, efficiency of AlN transducers is by one order less than of the Pz46 type bismuth titanate transducers, and by two orders less than the PZT type (Pz 27) ultrasonic transducers.
IV. Protector and Backing
Design of a conventional ultrasonic transducer (Fig. 1 ) must be radically changed for operation in harsh conditions. In order to protect the piezoelectric element from the aggressive alloy and external pressure, the transducers may be used with either a buffer rod [ Fig. 4(a) ], a relatively thick metallic membrane [ Fig. 4(b), l λ], or a thin (λ/4, λ/2 or 3λ/4) membrane [ Fig. 4(c) ]. For housing and protector, the main material that is acceptable from the point of view of reactor safety is the stainless steel AISI 316. The performance of these different designs is very different, especially their pulse and frequency responses.
In the case of a buffer rod or a thick membrane due to mismatch of acoustic impedances, multiple reflections of ultrasonic waves in these layers take place. In order to suppress these multiple reflections inside the protector, a protection layer with nonparallel front and back surfaces may be used [ Fig. 4(b) ]. This serves to reduce significantly the amplitude of multiple reflections, but the structure of the ultrasonic field radiated through a layer with nonparallel boundaries becomes complicated. That may create additional problems in ultrasonic imaging systems. Therefore, the main two designs of the transducers, fulfilling most of the above mentioned requirements, are transducers with a buffer rod and transducers with a thin metallic protective membrane. The transducers with a buffer rod-sometimes called a waveguide type transducer-can withstand high pressures and corrosion attack, but measurements become more complicated due to multiple reflections inside the waveguide. That is a significant shortcoming, especially in imaging systems. The transducers with a thin membrane do not possess this drawback, are more sensitive, but usually they are not pressure robust. However, high frequency piezoelectric elements (f 0 ≥ 5 MHz) are rather thin; therefore, they also cannot stand alone against the external pressure created by a liquid metal alloy or the pressure necessary to maintain stable acoustic contact with a protector and backing. Especially thin are AlN films (f 0 > 15-25 MHz); therefore, they are deposited on a supporting substrate. In order to overcome this problem, the substrate may be exploited both as a backing and a damping body, enabling one to get a wide bandwidth and short pulse duration without multiple reflections inside the backing. In order to achieve this goal, we propose to use as the backing a metallic cylinder with a concaved back surface [ Fig. 4(c) ]. In this case a monolithic design of the wide band pressure robust transducer is obtained. The piezoelectric element with the backing is put in a housing made of the stainless steel AISI 316. All joints of the housing are welded by a laser.
The protection layer between the liquid alloy and the piezoelectric element, in addition to the above formulated general requirements, also must meet the following requirements: The distance between the transducer and a planar Ti reflector is 50 mm.
• Acoustic coupling of a protection layer to the liquid alloy Bb/Bi. • Thermal linear expansion coefficient close to that of the piezoelectric element.
• Optimal acoustic impedance of the layer.
Some of these requirements may be met exploiting a protection layer made of the stainless steel AISI 316. The thermal expansion coefficient of the AISI 316 is (14-17) × 10 −6 . Thermal expansion coefficients of piezoelectric materials depend on direction with respect to the crystallographic axes and, in the case of crystals, can be very different. For example, in GaPO 4 thickness mode, transducers in the thickness direction the thermal expansion coefficient is 13 × 10 −6 , i.e., is close to the AISI 316; but in the lateral direction, it is only 3.7 × 10 −6 . In this case, due to very different thermal expansion coefficients, temperature variations in a wide range may cause disbonding of the protector and the piezoelectric element. The thermal expansion of the Pz46 transducers in the thickness direction is about 10 × 10 −6 , but it is somewhat lower in the lateral direction. The difference between the thermal expansion coefficients of the AISI 316 and the Pz46 may create problems with bonding quality. Therefore, reliable acoustic coupling of the piezoelectric element and the stainless steel protector is a very acute problem, which is discussed in the next section. The optimal acoustic impedance of the protector depends on its thickness. If the layer is relatively thick (e.g., many wavelengths of an ultrasonic wave), the optimal acoustic impedance of the layer should be equal to the impedance of the liquid alloy. In the case of a quarter-wavelength thickness layer, the impedance should be z l = √ z p z m , where z p is the acoustic impedance of the piezoelectric element and z m is the acoustic impedance of the medium, e.g., liquid alloy. In both cases it is impossible to meet these requirements because the acoustic impedance of most metals is different from this required value. For example, most of the investigated piezoelectric materials possess the acoustic impedance close to z p = 30 MRayl, the acoustic impedance of the Pb/Bi alloy is z m = 18 MRayl and the required optimal impedance of the protector should be z l = 23 MRayl; however, the acoustic impedance of the stainless steel AISI 316 is 45 MRayl, which is different from the optimal value. This mismatch significantly affects the pulse and frequency responses of the transducer.
A very serious problem is acoustic coupling between the front surface of the transducer and liquid metal alloy, which usually is not wetting a metallic protecting membrane and, consequently, transmission of an ultrasonic wave through the interface membrane-liquid Pb/Bi alloy is very poor. In order to obtain a reliable acoustic coupling, we have proposed to coat the front surface of a protecting membrane by a diamond-like carbon (DLC) film [2] . That enabled us to get a stable long-lasting (>1000 hours) acoustic contact between the transducer and the liquid Pb/Bi alloy. The more detailed information about experimental investigation of the acoustic coupling is given in a separate paper [21] .
V. Acoustic Coupling of a Piezoelectric Element to Protector and Backing
In order to get a good long-term performance in the above mentioned harsh conditions, special attention must be paid to acoustic coupling between the piezoelectric element, backing, and the protector. It is necessary to point out that a liquid coupling, based on application of high temperature liquids such as silicon oils, is not suitable due to strong γ radiation. Therefore, the other two different coupling techniques were investigated:
• The piezoelectric element is soldered or glued to the protection layer. In this case the protector can be thin, e.g., comparable with the wavelength of an ultrasonic wave.
• The dry coupling of the piezoelectric transducer to the protector. This is suitable only for the transducers with a buffer rod in order to cope with a pressure, by which the piezoelectric element is pressed to the protector.
From the point of view of acoustical performance of the transducer, thin, intermediate layers are more preferable because they enable one to get better efficiency and shorter pulse duration. However, the main problem is to find a bonding technique, suitable for temperature range up to the required 450
• C.
The analysis and experiments carried out have shown that there are no glues enabling solid contact and which could operate at high temperatures under strong γ radiation also. For example, the Al 2 O 3 based high temperature cement Resbond (Cotronics, Brooklyn, NY) after irradiation becomes porous and brittle.
Therefore, the more attractive solution is bonding of the piezoelectric element to the stainless steel backing and the protector by means of a high-temperature solder. The solder must fulfill some special requirements. The melting temperature of the solder T s must be lower than the Curie temperature T c of the piezoelectric element, but higher than the highest temperature T h that must operate the transducer, e.g., T h < T s < T c . The melting temperature of the available solders depends on their chemical composition, according to which all solders are classified into soft (T s < 450
• C) and hard solders (T s > 450 • C). Soldering technology of the soft solders is simpler than the hard ones. We have tested soft Pb/Sn/Ag based solder with the melting temperature T s = 310
• C and found that it enables one to get a reliable acoustic coupling in the temperature range up to T h = 290
• C. Typical results at 200 • C are presented in Fig. 5 . One Pz46 version with DLC coated λ/2 protector and without damping body operated nonstop 38 days in liquid Pb/Bi alloy in atmosphere environment without any oxygen control, but using a special immersion procedure. The signal is rather narrow-band and influenced only by liquid metal damping of the transducer. The observed change of a signal shape is only due to the loss of parallelism between the transducer and titanium reflector during the long-term operation. The transducer was connected by means of the 15 m long high-temperature Thermocoax cable (Thermocoax SAS, France) of 1-mm diameter whose outer sleeve was laser welded.
A dry acoustic contact enables one to get reliable acoustic coupling in a wider temperature range up to 470
• C. It is necessary to point out that in this case the requirement that the thermal linear expansion coefficient of the piezoelectric element would be close to the corresponding coefficients of the protector and the backing is not so strict.
In order to obtain a high quality dry acoustic contact, the contacting surfaces of the piezoelectric element, stainless steel protector, and backing were polished up to optical quality, which was checked by the Newton's ring method. After that all elements of the transducer were pressed together by means of a screw. The quality of the acoustic contact was improved inserting thin, high purity (99.99%) golden films between piezoelectric element, protector, and backing. The quality of the obtained contact was checked using the dry acoustic contact with a buffer rod at different temperatures. For comparison some experiments were carried out using high temperature silicon oil as a couplant (Fig. 6) . The same metallic damping body as in a monolithic design was used. Due to high damping a wideband signal at the output of the transducer is obtained. The suitability of the metallic damping body is shown in Fig. 7 , where it can be seen that there are no additional visible reflections in between the first (1) and the second (2) signals reflected by a free end of the waveguide because of the efficient dissipation and absorption of the reflected wave.
VI. High Temperature Experiments
The developed transducers with various piezoelectric elements (Pz46, LiNbO 3 , GaPO 4 ) were investigated in the liquid Pb/Bi alloy at various temperatures. Experi- ments were carried out in the computer-controlled, hightemperature oven with argon atmosphere. The argon atmosphere was used in order to avoid formation of oxide films on the surface of the liquid Pb/Bi alloy. During the experiments, ultrasonic pulses reflected by a planar titanium reflector placed in the liquid Pb/Bi alloy were recorded. The titanium reflector was chosen because titanium is not wetted by the alloy, which enabled us to get a reflection coefficient close to one.
Experimental results for the bismuth titanate (Pz46) transducer with a thin protector are presented in Fig. 8 . The piezoelectric element Pz46 was soldered with a high temperature solder both to the stainless steel (AISI 316) polished λ/2 protector and to the copper backing. For comparison, the results of measurements in water at room temperature also are presented. From the results presented it is possible to observe how different acoustic loads are affecting shape and duration of the ultrasonic pulse. In the liquid Pb/Bi (200
• C) alloy due to the acoustic impedance higher than that of water the duration of the pulse is obtained significantly shorter.
The developed Pz46 transducer with a thin λ/2 protector possesses electro-acoustic efficiency suitable for longrange measurements in the liquid Pb/Bi alloy, necessary for solution of imaging tasks inside the MYRRHA reactor. In Fig. 9 the typical ultrasonic signal reflected by a planar Al reflector at the distance of 760 mm from the transducer after 40 hours of nonstop operation in the liquid metal alloy is presented.
In the case of waveguide-type transducers immersed into a liquid metal alloy, two signals were registered: the first reflected by the free end of the waveguide, and the second reflected by the planar titanium reflector placed at 10 mm or 25 mm from the tip of the waveguide. Typical signals with Pz46 transducers at 174
• C are presented in Fig. 10 . We observe reflections of nearly equal amplitudes and similar waveforms. The transducer was dry-coupled to the waveguide. At higher temperatures waveguide wetting worsens and the reflected signal amplitude reduces. The results obtained with DLC coating and different transducers are presented in Fig. 11 . The LiNbO 3 signal was registered after 300 hours of nonstop operation in liquid metal. The Pz46 and LiNbO 3 piezoelectric elements demonstrate signals of similar waveforms.
Experimental results obtained with the 5 MHz GaPO 4 waveguide-type transducer are presented in Fig. 12 . The GaPO 4 crystal was coupled to the AISI 316 waveguide using silicone oil. After immersion into the liquid Pb/Bi, the signal 3 appears, which stems from the reflection at the titanium reflector. Note that waveforms of GaPO 4 transducer differ significantly from the waveforms of Pz46 and LiNbO 3 transducers. The results presented clearly indicated that both types of the transducers may be used in a high-temperature environment, but bismuth titanate Pz46 transducers with a thin protector possess a higher efficiency.
VII. Irradiation Results
The irradiation was carried out in the underwater gamma irradiation facility Brigitte at SCK•CEN in Mol in channel A2. Irradiation was performed by the radioactive isotope 60 Co. The total dose received by the transducers was 22.6 MGy. The gamma dose rates at different locations were estimated by dyed-polymethylmethacrylate dosimeters that can be used in the dose range from 5 up to 50 kGy. Irradiation by neutrons was performed only for AlN transducers in the BR1 reactor at the SCK•CEN. The total thermal neutron dose was 8.18 × 10 18 n/cm 2 . For irradiation experiments a special set-up with waveguide-type transducers was used (Fig. 13) . Perfor- mance of the transducers was estimated exploiting ultrasonic pulses, reflected by the free end of the waveguide. Efficiency of the transducers was estimated by the transfer coefficient K tw (1) .
Change (degradation) of this ratio indicates influence of irradiation on performance of the set-up with various piezoelectric elements. Please note that in this case we estimate not only variation of piezoelectric and dielectric properties of the piezoelectric elements, but also bonding quality of the elements to the waveguide, acoustic properties of the waveguide, i.e., performance of the waveguide transducer as a whole.
The effect of the irradiation on the first reflected pulse of the bismuth titanate and GaPO 4 waveguide type transducers is shown in Figs. 14-16 .
The amplitude of the first reflected pulse in Fig. 16 was normalized with respect to the amplitude before irradiation.
In the case of piezoelectric transducers with a thin protecting membrane pulse, responses were measured in water before and after irradiation. For this purpose ultrasonic pulses reflected by a planar titanium reflector placed in water at 45 mm from the transducer were recorded. The results of measurements of the transfer coefficients of different types of the transducers after irradiation are summarized in Table IV. The bismuth titanate transducer experienced only a modest, saturated (4%) decrease of the transfer coefficient, and the efficiency of the GaPO 4 transducer decreased by 13%, without a clear indication of saturation.
The PZT, bismuth titanate, and LiNbO 3 transducers showed no noticeable changes of pulse responses and transfer coefficients.
VIII. Conclusions
The investigation carried out showed that there are a few piezoelectric materials which are suitable for a longterm operation in the liquid Pb/Bi alloy without cooling. At the moment the best material from the point of view of thermal and radiation robustness is the bismuth titanate Pz46. Other novel materials such as aluminum nitride or gallium orthophosphate demonstrate good thermal stability (GaPO 4 ) or gamma radiation robustness (AlN); however their electro-acoustic efficiency is significantly lower.
The other two serious problems are with the acoustic coupling in a wide temperature range between a piezoelectric element, protector, and backing and with the longterm stable acoustic contact between a front surface of an ultrasonic transducer and the liquid Pb/Bi alloy. For solution of the first problem, the monolithic design of the transducer with a thin metallic protector and a metallic backing was proposed.
In the case of the transducers with a buffer rod, the long-term reliable acoustic contact between elements is obtained using a dry coupling technique through intermediate high purity (99.99%) gold film. For acoustic coupling of the transducer with the liquid Pb/Bi alloy, coating of the protector's contacting surface by DLC film was proposed. The experiments have shown reliable, continuous operation of the transducer in the liquid metal alloy up to 1000 hours.
The principal investigation of the developed transducers of different designs in the liquid Pb/Bi alloy proved that they are suitable for long-term operation without cooling in corrosive environment at elevated temperatures.
